INTRODUCTION
Throughout their life cycle, plants have to react to various threats coming from the outside environment. As plants are sessile, they have developed a broad range of strategies, collectively known as ' defence ' or ' stress ' responses, to protect themselves against biotic and abiotic stresses. Infections by pathogenic fungi, bacteria, and viruses are among the more serious dangers plants have to cope with.
Upon sensing the invading micro-organism, plants can evoke, in a co-ordinate fashion, one, two or many defence mechanisms in an attempt to restrict pathogen growth and, finally, to destroy it [2, 3] . General defence reactions, such as cell wall reinforcement, phytoalexin production and the accumulation of antimicrobial proteins, are employed, and their temporal and spatial regulation are the most decisive factors governing the outcome of the host-pathogen interactions [susceptibility (disease) or resistance (no disease) to a given micro-organism] [4, 5] . In numerous incompatible interactions, these reactions are often associated with the death of a small number of cells at the site of infection, known as the ' hypersensitive response ' (HR) [6] [7] [8] [9] . Initiation of a resistance response requires perception of signal molecules, either synthesized by the invading organism or released from plant cell walls. These signal molecules have collectively been termed ' elicitors ', but only a few have been defined at the molecular level as oligosaccharides, (glyco)proteins, and glycopeptides [10] . The elicitors may be specific for a particular plant host-microbe system or are very general molecules, e.g. components of cell walls of the invading microbe [10] . When mixtures of elicitor molecules or purified elicitors have been used to induce defence reactions in suspension-cultured plant cells, many novel aspects of the early defence response have been established.
Abbreviations used : DPI, diphenylene iodonium ; ECM, exocellular matrix (in this Review the term ' exocellular matrix ' has been adopted to denote the cell wall with the meaning proposed by Wyatt and Carpita [1] ) ; HR, hypersensitive response ; HRGP, hydroxyproline-rich glycoprotein ; INA, 2,6-dichloroisonicotinic acid ; OGA, oligo-1,4-α-D-galacturonide ; PR, pathogenesis-related ; PRP, proline-rich glycoproteins ; ROS, reactive oxygen species ; SA, salicylic acid ; SAR, systemic acquired resistance ; SOD, superoxide dismutase ; dO 2 − , superoxide radical ; dOH, hydroxyl radical. acquired resistance, (4) immobilization of plant cell wall proteins, (5) changes in membrane permeability and ion fluxes and (6) a putative role in hypersensitive cell death. Wherever possible, the comparisons with models applicable to animal systems are presented. Finally, the question of the origin of ROS in the oxidative burst is considered, and two major hypotheses, (1) the action of NADPH oxidase system analogous to that of animal phagocytes, and (2) the pH-dependent generation of hydrogen peroxide by a cell wall peroxidase, are presented. On the basis of this material, a third ' unifying ' hypothesis is presented, where transient changes in the pH of the cell wall compartment are indicated as a core phenomenon in evoking ROS production. Additionally, a germin\oxalate oxidase system which generates H # O # in response to pathogenic infection is also described.
These include rapid and transient responses that occur mainly at the plant cell surface and are based on the activation of preexisting components rather than involving the biosynthetic machinery of the cell. Among the reactions identified were : release of reactive oxygen species (ROS) termed the ' oxidative burst ' [11] [12] [13] [14] , changes in exocellular pH and in membrane potentials [15, 16] , ion fluxes [17] [18] [19] , changes in protein phosphorylation patterns [15, 20, 21] , and the oxidative immobilization of plant cell wall proteins [22, 23] . Most cells possess the ability to produce and detoxify ROS. In normal conditions ROS appear in cells as inevitable by-products formed as a result of successive one-electron reductions of molecular oxygen (O # ). Most cells have also acquired the relevant protective mechanisms to maintain the lowest possible levels of ROS inside the cell. In some cases, however, especially under stress conditions, these protective mechanisms are overridden by the rapid, transient, production of huge amounts of ROS, namely the oxidative burst. This reaction has been known for more than 30 years in mammals from studies on the ' respiratory burst ' in phagocytes (reviewed in [24, 25] ). However, in plants the phenomenon was first demonstrated much later [26] , and recently published data have indicated that the ROS produced in the oxidative burst could serve not only as protectants against invading pathogen, but could also be the signals activating further plant defence reactions, including the HR of infected cells [27] .
This Review first describes the chemistry of the ROS, their role in the oxidative burst and in induction of other defence reactions. As the origin of ROS building the oxidative burst is now probably the major controversy in this research area, hypotheses trying to explain this phenomenon are reviewed and supporting results evaluated. Some of the data have been discussed pre-viously, and the reader is referred to excellent earlier reviews [11] [12] [13] [14] 28, 29] .
CHEMISTRY OF ROS
For the purpose of this Review, the term ROS is used to describe the products of the sequential reduction of molecular oxygen (Scheme 1a) : superoxide radical (dO # Halliwell-Asada pathway:
Haber-Weiss reaction:
Fenton reaction: [31, 32] .
The hydroxyl radical is the most reactive species among ROS discussed here. It could be formed upon direct reaction of H # O # and dO # − (Haber-Weiss reaction ; Scheme 1b, eqn. 6). Under conditions normally found in plant cells, this reaction, however, proceeds rather slowly, and is ineffective in producing substantial amounts of )OH [33] . On the other hand, significant levels of dOH could be formed through the cycle of reactions involving oxidation of transition metals, such as Fe# + or Cu + (Fenton reaction ; Scheme 1b, eqn. 7), and subsequent regeneration of the oxidized ions to their reduced state via reaction with superoxide (Scheme 1b, eqn. 8). As transition metals act here as catalysts, their location and accessibility are probably the major factors determining the cellular site of dOH formation [33] [34] [35] . The hydroxyl radical with its ability to initiate radical chain reactions is believed to be a major ROS responsible for the irreversible modifications of cellular macromolecules and damage of organelles. As its half-life is in the range of 10 −* s, both its detection and determining its role in plant-pathogen interactions have been unsuccessful. However, recent experiments on suspension-cultured rice (Oryza sati a) cells treated with Nacetylchito-oligosaccharide elicitor provided the evidence for the generation of dOH in this model system [36] .
OXIDATIVE BURST IN DEFENCE RESPONSES
In contrast with most animal systems, plants cells are able to produce ROS, mainly H # O # , constitutively in significant amounts, and this production is predominantly associated with the cell's exocellular compartment (exocellular matrix, ECM) and is regulated by developmental factors such as hormones, light and wounding. H # O # is mainly detected in cells undergoing lignification, i.e. in tracheary elements and phloem fibres, and in some epidermal cells [37] . It is generally absent in cell walls of rapidly elongating cells, but its intensive production could be observed in wounded cells or cells subjected to mechanical stress [37, 38] .
The oxidative burst is generally defined as a rapid production of high levels of ROS in response to external stimuli [7, 12, 16] . The first report on the rapid ROS production appeared in 1983, demonstrating the generation of dO # − by potato (Solanum tuberosum) tuber discs only in response to inoculation with an incompatible race of Phytophthora infestans or with hyphal wall components, but not with a compatible race [26] . However, as mentioned previously, it was the use of suspension-cultured cells that has enabled intensive investigations of this phenomenon. As a result, although not initially appreciated, the oxidative burst is now considered as one of the earliest events following elicitation. This reaction was observed in plants challenged with pathogenic micro-organisms, including fungi, bacteria and viruses, as well as in cultured cells treated with elicitor preparations, pathogens or plant cell-wall fragments or in response to mechanical stress ( [51] . In the tomato (Lycopersicon esculentum)-Cladosporium ful um elicitor system, when suspension-cultured cells were used, both H # O # and dO # − were found to be produced [44] , while in tomato hypocotyls, only dO # − has been detected [45] .However, in the latter case only the NitroBlue Tetrazolium staining assay was used, hence the relationship between these two ROS still remained unclear. In most systems studied, however, H # O # was identified as a building force of the oxidative burst, either with the use of luminol-dependent chemiluminescence [16, 18, 40, 43, 46, 49, 50, [54] [55] [56] 58, 62, 63, 65] or by other methods such as fluorescent dye quenching [41, 42, 60, 64] , scopoletin cleavage [57] or Phenol Red oxidation [61] . In all cases the oxidative burst was sensitive to the addition of catalase to the media, and insensitive to the presence of SOD or mannitol (Table 1) . It should be noted, however, that failure to detect dO # − accumulation might indicate that either dO # − is not an intermediate or it is extremely rapidly dismutated, e.g. within plant cell-wall boundaries [57] . Moreover, the relative timing of the application of both the elicitor and catalase is of primary importance. Although catalase added before or together with the elicitor inhibited the generation of ROS, the same enzyme added 1 h after the elicitor application had no effect on the oxidative burst [41] .
The occurrence of the transient increase in ROS production is usually very rapid, but could vary depending on the plant system studied, and on the challenging factor used (Figure 1 ). In suspension-cultured cells this response usually starts 1-2 min after the addition of fungal elicitors or plant-derived oligo-1,4-α--galacturonides (OGA) to the media, reaches its maximum several minutes later, and is completed within 30-60 min after elicitation [16, 41, 43, 44, 57, 60, 65] . It should be noted, however, that the observed oxidative burst is to some extent independent from the accumulation of free radicals, calculated from the enhanced g l 2.00 EPR signal, and detected usually over the period of several hours after elicitation, probably resulting from lipid peroxidation [43] . When plant segments were used to study the oxidative burst, this response was observed considerably later, within the first 8-12 h after elicitation [26, 61] , with the evident signs of ROS generation visible after 2-4 h [45] . Recent detection in i o of the production of H # O # by lettuce only 5 h after inoculation with incompatible race of Pseudomonas syringae pv. phaseolicola by cerium chloride staining, and transmission electron microscopy ( Figure 1B by John Mansfield in [8] ) seems to confirm this conclusion. However, other data indicated also that a more rapid response of cucumber (Cucumis sati us) hypocotyls to elicitor could be achieved by abrasion of the cuticle and conditioning of the segments with salicyclic acid (SA) or 2,6-dichloroisonicotinic acid (INA), which are inducers of systemic acquired resistance (SAR) [53, 66] . In such preconditioned hypocotyls, the production of H # O # reached its maximum about 30 min after elicitation and was completed within 90 min, thus greatly resembling the situation found in suspension-cultured cells (Figure 1) . Moreover, the effect of hypocotyl preconditioning was completely inhibited by the addition of cycloheximide or puromycin, suggesting a requirement for translational protein synthesis [53] . The same requirement has been indicated for the H # O # generation by OGA-treated cucumber hypocotyls [61] . Other similar observations had already suggested the existence of ' elicitation competency factors ' required for induction of defence responses in soybean (Glycine max) [67] . However, as plant cells cultured in suspensions are subjected to constant mechanical stimulation as a result of stirring, such a ' preconditioning effect ' is probably inherent in these model systems. Interestingly, in suspension-cultured cells, pretreatment with SA does not change the time course of the oxidative burst, but enhances the intensity of ROS generation [48] . In suspension-cultured plant cells treated with bacteria or bacterial elicitors, the ROS production was demonstrated as a biphasic process (Figure 1 ). Phase I is very similar in its timing to the reaction of plant cells to fungal elicitors, and is considered as a non-specific response. In incompatible interactions, however, Phase I is accompanied by a Phase II (relatively long-lived ROS generation occurring 1.5-6 h after elicitation) [13, 55, 57] .
In plant systems, where the ability of various elicitor preparations to evoke the oxidative burst were compared, significant differences in time of occurrence and intensities of the ROS production were observed. In suspension-cultured soybean cells, plant-derived OGA evoked an oxidative burst very similar to that caused by treatment of cells with crude elicitor from Verticillium dahliae [41, 60] . However, in the latter case it was demonstrated that only a carbohydrate, but not a protein, moiety of V. dahliae elicitor is responsible for the induction of H # O # production [42] . A slightly different situation was noted in tobacco (Nicotiana tabacum) cells, where a crude elicitor from a tobacco pathogen, Phytophthora parasitica var. nicotianae, was ineffective in eliciting the oxidative burst, while cryptogein (a protein from the culture medium of the non-pathogen of tobacco P. cryptogea) was an effective inducer of the ROS generation [49] . OGA elicitor induced a more rapid and transient oxidative burst in suspension-cultured soybean cells when compared with that evoked by a glucan elicitor prepared from mycelial cell walls of Phytophthora megasperma f.sp. glycinea [57] . The opposite was true when both elicitors were used on the cucumber hypocotyl segments [61] . However, in that case the more rapid response (maximal at 4-6 h after elicitation) evoked by oligo-β-glucan elicitor reached only about 10-15 % of the maximum response (at 10-12 h post elicitation) induced by OGA. Four different elicitor preparations were tested on suspension-cultured bean cells [23] . Although the timing of the response was roughly the same, reactions of plant cells varied greatly in their intensities. A crude cell-wall elicitor preparation from Colletotrichum lindemuthianum was the strongest inducer of ROS. This elicitor when treated with agarose-bound wheat-germ agglutinin was 4-fold less active, indicating the importance of N-acetylglucosamine residues as inducers of the oxidative burst. However, when chitin or chitosan oligomers were used for elicitation, the intensity of the oxidative burst reached only 10 % or less of that evoked by the crude elicitor, suggesting the existence of additional moietes necessary for the induction of that response [23] .
Results of early studies on the oxidative burst indicated the possibility that the reaction occurs at the cell surface. This conclusion was based on the analysis of the distribution of different components of the assay mixtures, e.g. reporter probes, such as scopoletin, which did not enter the cells [57] or carboxyfluorescein diacetate, which, when loaded into cells, did not serve as a substrate in a fluorescent-dye quenching assay [41] . This notion was stressed, and the ECM indicated as a site of the ROS production by circumstantial evidence coming from studies on protoplasted cells. Firstly, when protoplasts of Chlamydomonas reinhardtii cells are regenerating their cell walls, composed almost exclusively of hydroxyproline-rich (HRGP)-type proteins, the burst of H # O # production is observed concomitantly with the insolubilization of wall components, but not in freshly protoplasted cells [68] . On the other hand, the dO # − is generated by elicited potato protoplasts [39] or even by plasma-membranerich fractions of elicited potato tuber tissues [69] or rose cells [70] . In all cases, however, in the absence of externally supplied reductant [NAD(P)H], no ROS production is detected (see also the discussion below). Accordingly, carrot protoplasts, when not supplied with the reductant, do not respond with the oxidative burst to treatment with a fungal elicitor from culture medium of Pythium aphanidermatum, although other elicitor-induced responses such as ion fluxes and 4-hydroxybenzoic acid synthesis are observed [17] .
OXIDATIVE BURST AND OTHER PLANT RESPONSES
In mammals, neutrophils, eosinophils and macrophages phagocytose invading bacteria and kill them. This action is accompanied by a period of intense oxygen consumption, called ' the respiratory burst '. The plasma-membrane NADPH-dependent dO # − -generating oxidase was identified as a major contributor to the bactericidal capacity of phagocytes (reviewed in [24, 25, 71] ). This enzyme is a multi-component complex composed of membrane-bound and cytosolic proteins (Scheme 2). At the heart of the NADPH oxidase lies the unusual heterodimeric NADPH-binding flavocytochrome b &&)
, consisting of glycosylated transmembrane protein gp91 phox and non-glycosylated p22 phox subunit. The flavocytochrome contains the entire electrontransport chain from NADPH to oxygen, which means other components of the system play the regulatory role. These cytosolic proteins include p47 phox and p67 phox phosphoproteins, probably associated with cellular cytoskeleton, p40 phox , a protein with as yet unidentified function, and two small GTP-binding proteins (p21 rac , complexed with its regulatory counterpart rho-GDI, and Rap1A [25, 72, 73] ). Upon activation, p47 phox and p67 phox become phosphorylated, and translocate together with p40 phox and p21 rac to the membrane to form the active NADPH oxidase complex (Scheme 2). The superoxide thus generated, and its dismutation product, H # O # , are probably used to kill the phagocytosed bacteria, although the mechanism of killing is still the matter of debate [25, 71] . p21 rac returns then to the cytosol, while phox proteins seem to remain on the membrane, although [25, 72, 73] The plant proteins found to cross-react with the antibodies to respective mammalian elements of NADPH oxidase complex are indicated in grey. The gp91 phox glycoprotein whose homologous gene has been recently identified in plants [124] is marked in pink.
the events accompanying the termination of NADPH activity are not fully elucidated.
There seems to be a great deal of similarity between plant and animal ROS-generating systems (see below). However, the intrinsic differences between both Kingdoms, stemming mainly from two factors [mobility of the cells and the presence of defined structural exocellular compartment (cell wall) in plants], are also reflected in the modes of defence responses. In mammals, spread of generated ROS is limited to phagocytotic vacuole : the invading bacteria are killed, while the phagocytes mostly remain alive. In plants, the successful limiting of the spread of pathogen is often manifested by HR, death of the cells at the site of pathogen infection, and this cell death is probably also the effect of the ROS generation. H # O # has been shown to be directly toxic to micro-organisms [74] , to drive the oxidative cross-linking of cellwall (glyco)proteins [22, 23] , and so reduce their susceptibility to enzymic degradation [75] , to induce SAR [76] , and to orchestrate the hypersensitive cell-death response [27, 57] .
In long-term experiments, where the O # uptake was measured in elicited tomato cells 4 h after elicitation [44] , no changes were observed in cells treated with elicitors from compatible pathogens. On the other hand, elicitors originating from the incompatible ones evoked the gradual decrease in the rate of oxygen uptake, starting by 1 h, and reaching the constant rate after 3 h. Similar kinetics was also observed in the Fusarium oxysporum-elicitor-treated carnation calli derived from a cultivar resistant to this fungus [77] . Interestingly, this decrease in the O # uptake was counteracted by catalase addition, but not by SOD or ascorbate [44] . In short-term experiments with elicitor-treated bean cells, a rapid and transient increase of O # uptake was noted, with the rate of uptake almost doubled to a maximum rate 8 min after elicitation, which preceded the peak of the oxidative burst at 12 min post elicitation. However, unlike the mammalian respiratory burst, which is sensitive to cyanide or azide [24] , the observed increase of O # uptake was cyanide-sensitive, but totally inhibited by azide [16, 65] . These observations seem to suggest that there are some fundamental differences between at least some of the components of the systems generating the ROS during the oxidative burst. Additional analyses of the levels of ATP and NADH\NAD + ratios indicated that the increased O # uptake is almost completely invested in the production of ROS, thus generating symptoms of the oxidative stress within the cells. This conclusion is also stressed by the demonstration of induction of alcohol dehydrogenase, an enzyme whose expression is stimulated by a low partial pressure of O # [65] . In this respect, the evidence that mannitol dehydrogenase is one of pathogenesisrelated (PR) proteins is of particular interest, for, as mannitol could serve as an antioxidant, changes in its content could affect the extent of internal ROS production in response to pathogens [78] (reviewed in [79] ).
Although the effects of elicitation on primary metabolism has been noted, the main switch observed is that to secondary metabolism, specific for plant cells (i.e. the production of phytoalexins, which are low-molecular-mass compounds with antimicrobial activity [80, 81] ). A connection between the ROS generation and the induction of the phytoalexin production was suggested [26, 41] , and direct application of H # O # used to test this possibility. In soybean hypocotyls and radicles, H # O # as well as fatty acid hydroperoxides elicited glyceollin accumulation [82, 83] . An identical situation was found for suspension-cultured soybean cells, where the induction of phytoalexin production was inhibited by the addition of catalase, but not boiled enzyme [41] . These data seemed to demonstrate a direct causal link between those two phenomena. However, later results from the same laboratory indicated that two different elements present in a crude elicitor preparation were responsible for parallel, but independent, induction of both responses [42] (see also above). Moreover, later studies on soybean hypocotyls\radicles identified lipid peroxidation, and not ROS generation, as a trigger sufficient for the induction of glyceollin synthesis [83] . Similarly, the experiments on defence reactions of white-clover or tobacco cells to pathogenic bacteria indicated that, although cells produced ROS in response to such challenge, this production was not an essential requirement for the induction of phytoalexin synthesis or HR. Also in this system, abiotic elicitation of plant cells with HgCl # evoked phytoalexin production, but not the oxidative burst [54] . Data from other laboratories confirm these latter observations. Elicited carrot protoplasts were able to accumulate 4-hydroxybenzoic acid, but failed to produce any detectable amounts of H # O # [17] . In bean cells challenged with various elicitor molecules, the potential of a given elicitor to evoke the oxidative burst was completely unrelated to that for phenylalanine ammonia-lyase (first enzyme of the phenylpropanoid pathway) induction [23] . In tobacco cells treated with pure proteinaceous elicitors, phytoalexin synthesis was affected neither by inhibition of the ROS generation nor by suppression of the ROS accumulation in the medium [50] . Overall, results of recent experiments suggest that both responses are induced in parallel, probably by distinct recognition and signalling systems [84] . However, in leguminous plants, where flavonoids and isoflavonoids act as both phytoalexins [80, 81] and antioxidants [85] , the relative timing of ROS production and secretion of phenolic compounds towards the site of infection may be of crucial importance to the eventual magnitude of the oxidative burst.
SAR is one of the consequences of plant defence response. Since the infections are usually local events, the existence of systemic signals has been proposed. SA was initially identified as one of them (reviewed in [86] ). However, SA was demonstrated later not to be a translocated signal of SAR [87] , but its accumulation was indicated as an essential factor required for expression of multiple modes of plant disease resistance [88] . As the oxidative burst precedes the SA accumulation in infected tissues [89] , the relationship between these two events has been studied in more detail. Infiltration of tobacco leaves with H # O # -activated benzoic acid 2-hydroxylase, an enzyme forming SA from benzoic acid, resulting in subsequent SA accumulation [90] . On the other hand, SA has been directly implicated in the ROS generation by findings demonstrating the cytoplasmic SA-binding protein to be in fact a catalase [76] . Both SA and its synthetic analogue, INA, were found to inhibit catalase and ascorbate peroxidase, two enzymes regulating the level of ROS in cells, but not guaiacol-utilizing peroxidases, participating e.g. in lignin synthesis [91, 92] . These findings corroborate the observed effects of tissue pretreatment with SA or INA on the intensity of the oxidative burst [48, 53, 66] (see above), as both compounds would affect the ROS removal system, and not the ROS generation. However, the results obtained recently by Ru$ ffer et al. questioned the inhibitory activity of SA on catalase, indicating the possibility that the binding of SA to catalase is in fact a specific binding to iron-containing enzymes found in plants, fungi and animals, but not to iron-free plant enzymes [93] . Yet another consequence of the eventual inhibitory activity of SA on catalase in plants would be the elevated level of H # O # in the immediate vicinity of the infection site, and this level has been postulated to act as a second messenger of SA in the signal-transduction pathway leading to SAR and gene activation for PR proteins [86] . Although recent experiments indicated that the elevated levels of H # O # as a consequence of catalase inhibition by SA are not required for the SAR induction [94] , and the role of H # O # in the induction of PR protein expression has also been questioned [95] , the possibility that H # O # could be one of the stimuli activating these responses has not been excluded [94] .
Data obtained in two laboratories on elicitor-treated soybean and\or bean cells [22, 23, 75] provided a causal link between two known phenomena : the oxidative burst and the insolubilization (immobilization) of cell-wall proteins. Structural proteins become insolubilized upon arrival at the cell wall, and this process is believed to result from an isodityrosine ether linkage formed in a peroxidase-catalysed reaction in the wall [96] . However, although intramolecular isodityrosine cross-links in HRGPs have been demonstrated, the evidence for the intermolecular linkages is still lacking. Results obtained by Bradley et al. [22] showed the rapid disappearance of p35 and p100 (glyco)proteins from SDS extracts of crude cell-wall fractions from elicitor-treated soybean cells. The immunofluorescence labelling of these cells using antip35 antibodies indicated that these proteins are immobilized in the walls probably through covalent cross-links thus making them non-extractable with SDS. The loss of protein extractability followed the dynamics of the oxidative burst, starting 2 min after elicitation, and being completed within 20-30 min. That effect could be mimicked by the external application of H # O # to the cells, and any insolubilization of cell-wall proteins was prevented by catalase or ascorbate [22] . The work of Wojtaszek et al. [23] shed more light on this phenomenon. In bean cells, five glycoproteins were demonstrated to be immobilized upon elicitation, with the kinetics of this process following that of the oxidative burst, and being completed within 15 min. Most of these proteins were demonstrated to be of HRGP\proline-rich glycoprotein (PRP) type and O-glycosylated. Probing of Western blots with concanavalin A or wheat-germ agglutinin revealed that Nglycosylated proteins were not immobilized. This immobilization of cell-wall proteins was demonstrated to be H # O # -driven and pH-dependent. However, the existence of another cross-linking mechanism that is lipid-peroxide-driven and pH-independent, and acts at the later stages post elicitation, was also indicated [23] . The process of induced oxidative cross-linking of plant cellwall (glyco)proteins has some characteristics of previously identified, developmentally regulated and also H # O # -dependent insolubilization of sea-urchin coat proteins [97] and Chlamydomonas HRGP-type glycoproteins [68] . In plants, rapid immobilization of proteins may strengthen cell walls, thus slowing down the ingress of the invading pathogen [75] . Additionally, immobilized HRGP\PRP proteins could serve as an anchor for deposition of phenolic compounds and subsequent formation of papillae [23] .
Changes in membrane permeability and the resulting ion fluxes, mainly Ca# + and H + influx, and K + and Cl − efflux, are among the most rapid responses of plant cells to elicitation [5, 6] . In parsley (Petroselinum crispum) cells these fluxes are initiated 2-5 min after elicitation, and a transient extracellular alkalinization is observed [19] . Similar situation was noted in elicited tomato [15] and French-bean [16] cells. In elicitor-treated protoplasted carrot cells, in the absence of an oxidative burst, Ca# + influx and K + efflux were still observable [17] . The involvement of Ca# + ion-channel activation in the induction of the oxidative burst and other defence responses has also been indicated [19] . Recently the importance of the transiency of Ca# + fluxes was demonstrated in isolated plasma-membrane-rich fraction of potato tuber tissues [69] . In this system, activation of the NADPH-dependent dO # − -generating reaction which occurred after treatment with elicitor was strictly dependent upon the presence of Ca# + ions, but the elicitor-enhanced dO # − -generating activity was Ca# + -independent [69] . Changes in pH of various plant cell compartments resulting from ion fluxes seem to play an important role in the regulation of plant defence responses, with the ROS production among them. Although little or no changes in vacuolar or cytoplasmic pH have been found in soybean cells in response to elicitation [98] , changes in external (apoplasticj extracellular) pH were found to be closely related to the intensity of the oxidative burst in elicitor-treated bean cells. Moreover, in bean cells both the oxidative burst and the immobilization of cell-wall proteins are evoked simply by transferring the cells into the medium buffered at higher pH [16, 23] , while changing the external pH by use of monensin, nigericin or valinomycin eliminates the transient pH change and abolishes the generation of H # O # [16] . Interestingly, the binding of specific fungal oligopeptide elicitor to parsley membranes was found to be pHdependent, with little binding at acidic and neutral pH values, and a huge increase in binding at pH above 7.0 [18] . In mammalian phagocytotic cells, pH changes have also been proposed to modulate the oxidative burst [99] .
Recently, a further role for H # O # was proposed as the key component in the orchestration of the hypersensitive cell death [27, 57] . In suspension-cultured soybean cells treated with isogenic lines of Pseudomonas syringae pv. glycinea, cell death only occurred upon inoculation with an avirulent strain, but not with a virulent one. This could be inhibited by diphenylene iodonium (DPI) addition (a suicide substrate inhibitor of mammalian NADPH oxidase), stimulated by 3-amino-1,2,4-triazole addition (an inhibitor of catalase), and it could be mimicked by the extracellular addition of H # O # . Moreover, the factor triggering cell death was found to be diffusible, and destroyed by catalase. This diffusible signal, presumably H # O # , induced also the expression of genes encoding cellular protectants like glutathione S-transferase or glutathione peroxidase. The gene activation was achieved at 2 mM H # O # , while cell death appeared to represent a threshold response with abrupt transition between 4 and 6 mM H # O # [57] . However, estimated release of H # O # by 1 ml of elicited soybean cell culture is approx. 0.12 µmol [60] , well below the observed threshold value. Moreover, the results of Levine et al. [57] demonstrated characteristic biphasic production of ROS, and the difference between virulent and avirulent strain of bacteria used for inoculation was noted only in the lack of Phase II for a virulent strain, in accordance with data from other systems (reviewed in [13] ; for discussion see above). This means that the ROS were generated during Phase I in both systems, yet only the avirulent strain caused the measurable death of soybean cells. Although these results might be interpreted as an indication of the accumulative oxidative stress leading to plant cell death in incompatible interactions, results of recent experiments with P. syringae pv. syringae mutants contradict such conclusion. These hrmA mutants, despite eliciting the normal biphasic ROS production in tobacco cells, caused neither HR on tobacco leaves nor the hypersensitive cell death of suspension-cultured cells [56] . Taking together these data do not support the role for H # O # as a molecule orchestrating the hypersensitive cell death. However, it seems possible and justified to consider this ROS as an diffusible messenger involved in the activation of gene expression for cellular protectants in cells adjacent to the site of infection, possibly via the induction of nuclear transcription factors analogous to the NF-κB or AP-1 factors found in animal cells [100, 101] . The identification of plant mutants compromised for the control of the disease lesion formation [102] [103] [104] [105] (reviewed in [9] ) opens new possibilities in determining the role of ROS in the development of HR. Interestingly, the role for dO # − , and not H # O # , in initiation of cell death and lesion formation was demonstrated recently in one of these mutants (lsd1) in Arabidopsis [106] . As strong similarities have been drawn between the HR in plants and programmed cell death (apoptosis) of animal cells (reviewed in [7, 9] ), it is worth mentioning that some recent data from animal systems indicated that ROS may not be required for the programmed cell death (reviewed in [107] ).
SOURCES OF ROS IN THE OXIDATIVE BURST
The most challenging issue in studies on the oxidative burst is the question of the origin of ROS building this phenomenon. Several possibilities have been presented, but only the two that are currently receiving the most attention will be discussed here, namely the action of NADPH oxidase system analogous to that of animal phagocytes and, secondly, the pH-dependent generation of H # O # by cell-wall peroxidase. A third system, germin\ oxalate oxidase, although not related to the oxidative burst, but producing H # O # in response to pathogens, will be also briefly presented. Lipoxygenase was also proposed as a possible source of ROS in the oxidative burst, but recent data indicated that, in most systems studied, ROS production preceded lipoxygenase activity [13, 108] .
To elaborate a working model of the ROS generation in the oxidative burst, several recent papers [5, 8, 9, 12, 14, 18, 109, 110] have drawn strong analogies with the NADPH oxidase system of mammalian cells [24, 25] . According to this model (Scheme 3), an elicitor molecule is recognized by an appropriate receptor located on plasma membrane. Several putative receptors have been identified and at least partially characterized so far. Further interactions based on the available data implicate the involvement of GTP-binding proteins [60, [111] [112] [113] , ion channels (especially Ca# + ) [18, 46, 55, 69, [114] [115] [116] , protein kinases and protein phosphatases [20, 46, 48, 55, 57, 58, 62, 113, [115] [116] [117] [118] [119] , phospholipases A and C [120, 121] and possibly cyclic AMP [122] along the signalling pathway leading to the activation of NADPH oxidase, generation of dO # − , and its dismutation to H # O # . In parsley cells the oxidative burst was strictly dependent upon the presence of Ca# + in the culture medium, was inhibited by the ionchannel inhibitors, and initiated by compounds stimulating ion fluxes [19] . Protein kinase inhibitors (K-252a and staurosporine) were found to inhibit the generation of ROS, while protein phosphatase inhibitors (calyculin A, okadaic acid, cantharidin) acted as stimulators of the oxidative burst in soybean cells [57, 117] . The NADPH oxidase complex has not been purified so far from plant cells, but its presence has been assumed from various pharmacological, immunological and reconstitution experiments in model plant systems [39, 51, 58, 59, 69, 70] . Likewise, although phosphorylation-dephosphorylation has been suggested as a mechanism activating this enzyme, no direct evidence for that event have been provided. However, DPI and α-naphthol, inhibitors of the phagocytous enzyme, are also inhibitors of the oxidative burst in soybean cells [57, 123] . Recent demonstrations of the cross-reactivity of antibodies against components of the mammalian enzyme with the proteins of the same molecular mass from several plant cell lines (anti-p22 phox antibodies, [27] ; anti-p47 phox and anti-p67 phox antibodies, [58, 123] ) indicated the presence of the NADPH oxidase proteins in plants. The strongest argument for the existence of the complex comes from the identification of a rice gene, rboh A, similar to the gene coding for the mammalian gp91 phox protein [124] . Additionally, the presence of at least two other elicitor-induced enzymes capable of the ROS generation has been indicated, namely NADH oxidase [70, 113] and NADH-dependent cytochrome c reductase [113] .
An alternative model of the generation of H # O # by a pHdependent cell-wall peroxidase has been proposed recently [16] (see Scheme 3) . Opposite to the previous one, which stresses the importance of the signalling events leading to the activation of 
Scheme 3 Schematic representation of major hypotheses describing the possible origin of ROS building the oxidative burst
Upon arrival of the pathogen, both plant and fungal hydrolases release cell-wall fragments (elicitors). These molecules when bound to respective receptors located at the plasma membrane initiate the cascade(s) of signalling events leading to the activation of either NADPH oxidase and/or cell-wall-bound peroxidases (marked in grey) generating ROS (pink) used further in various aspects of the plant defence response. The key element of the ' unifying ' hypothesis proposed in this Review is shown in red. All the major elements of the signalling pathway are presented although the differences in the active elements of the pathway with respect to plant species and/or elicitor applied have been found. Abbreviations used : AC, adenylate cyclase ; CWP, cell-wall-bound peroxidase ; E, elicitor ; E r , receptor ; G, GTP-binding protein(s) ; PLase A and PLase C, phopholipases A and C ; R, reductant.
NADPH oxidase, this one, although not excluding a signalling pathway, emphasizes the importance of pre-existing components, especially those present in the plant ECM. According to this model, an elicitor arriving at the cell surface is recognized by the appropriate receptor molecule, and this event leads to the activation of ion channels. The movement of the ions (Ca# + , K + , H + , Cl − ) results in a transient alkalinization of ECM, which leads to an activation of pH-dependent cell-wall peroxidase. A change in the enzyme's active site occurs, the peroxidase compound III (Fe II -O-O), and subsequently dO # − is formed, which can be initially reduced by oxidation of cysteine residues adjacent to the haem site. With the supply of reductant, the generation of H # O # can be sustained for a longer period of time [16] . The generation of H # O # by peroxidases (Scheme 1b, eqn. 4) has been previously demonstrated and characterized during lignification [31, 32, 125, 126] . Control by pH of cell-wall peroxidase activity involved in lignification was also previously demonstrated, both at the level of the coniferyl alcohol oxidation and H # O # production, with increased activities at more alkaline pH [127] . The model presented was based on the data obtained from French bean cells, and a cationic cell-wall-bound peroxidase from this source has been identified [128] and its pH-dependence in H # O # generation demonstrated [16] . Moreover, transferring the cells to a buffered higher-pH medium is sufficient to induce the H # O # generation. Although the reductant has not been identified yet, preliminary data indicate it is not NADPH, NADH, ascorbate, glutathione or cysteine. Moreover, time-course experiments showed the reductant to be present at high levels in apoplastic fluids of French-bean cells just before the start of the oxidative burst, suggesting its elicitor-induced secretion into ECM, its synthesis in the ECM or its release from wall-bound stores [129] . The validity of this model has been recently confirmed in in itro experiments on oxidative cross-linking of cell-wall glycoproteins using cell-wall peroxidase [128] , three HRGP\PRP-type wall proteins, and apoplastic fluid isolated from elicited French-bean cells, and carrying the cross-linking reaction at pH 7.5 (P. Wojtaszek, J. Trethowan and G. P. Bolwell, unpublished work).
Each model presents a slightly different point of view on the source of ROS in the oxidative burst and, depending on the plant species studied and type of elicitor used, the results obtained seem to conform to one of these models. This is not surprising, taking into account the multiplicity of recognition and signalling events leading to the activation of either one or both of the ROS generating systems. However, there are results which suggest that it should be possible to propose a unified model utilizing the main features of both hypotheses presented (see Scheme 3). Upon recognition of elicitor by an appropriate receptor molecule, the signalling pathway is induced, leading to the activation of NADPH oxidase. Along this pathway, the ion channels are also activated and, due to their action and subsequent ion movement, the ECM becomes transiently alkalic. According to the model of NADPH oxidase action proposed for the mammalian enzyme [24, 25] , the dO # − generation requires transfer of electrons, unaccompanied by protons, across the plasma membrane. The dO # − thus produced becomes protonated, consuming protons in phagocytous vacuole, and inducing vacuolar proteinases active at higher pH. In plants this process would eventually further participate in the alkalinization of the ECM, driving pH up to 7.0-8.0. Hence the activity of both components, ion channels and NADPH oxidase, would result in a transient pH increase in ECM. The resultant alkalinization activates pH-dependent cellwall peroxidase and the generation of H # O # in the presence of an unknown reductant by the mechanism presented above. Additionally, although it is a highly speculative proposition, the other model of mammalian NADPH oxidase activity [71, 130] might probably explain the transience of the observed ECM alkalinization and eventual termination of the oxidative burst. According to this view, transfer of electrons and subsequent dO # − generation are compensated for by the outward H + translocation via an H + channel, the opening of which lags behind the activation of oxidase [130] . The activity of this channel may thus provide firstly H + for dO # − protonation and, when proceeding further, one means to acidify ECM and terminate the oxidative burst as either NADPH oxidase or cell-wall peroxidase are active at higher pH. In this respect it should be noted that the existence of elicitor-induced plasma-membrane H + -ATPase has been already indicated in plants [119, 131] . Moreover, tobacco plants expressing a bacterial proton pump show symptoms of HR in the absence of a pathogen [132] . The presented model fits well with the data describing a possible heterogeneity of the elicitorinduced oxidative pathways, noted, for example, in soybean cells [41] . It might also explain the results where H # O # is the major ROS observed upon elicitation, while NADPH oxidase, generating primarily dO # − , is identified as a source of ROS. It is noteworthy that, in cells cultured in aqueous suspensions, water is easily available, both as a medium for ROS diffusion and as a source of protons, even in cell walls, thus making dismutation of the generated dO # − sufficiently easy. On the other hand, plant cell walls are relatively hydrophobic [133] [134] [135] , and only a minor proportion of the protons in the walls are mobile [136] , making an environment where the protonation of dO # − might be quite difficult. Under these conditions the operation of the peroxidative pathway might be prevalent. There are still, however, a few more points of differentiation making comparisons between various experimental systems rather complex. Of the most importance is probably the tissue origin of the callus, and subsequently cellculture lines, where at least three factors might affect the observable output of elicitation, when the oxidative burst is considered. Firstly, as the distribution of peroxidases in cell walls is tissue-specific [37, 137] , the abundance of the enzyme(s) in different cell lines might vary. Secondly, the availability of the suitable reductants in cell walls might be different. Thirdly, although this applies mainly to the situation found in planta, a distinct apoplastic pH might be observed in various plant tissues or even in cell walls of different cells within a given tissue [138] .
The significance of germin\oxalate oxidase system seems to be limited to interactions with pathogens involving cereals, although some preliminary evidence suggests this protein to be present also in dicotyledoneous plants (P. Wojtaszek, M. Pis! lewska, G. P. Bolwell, M. Stobiecki and C. Gerrish, unpublished work). The oxalate oxidase, which releases H # O # and CO # from oxalic acid, is also known as germin (extracellular glycoprotein marker of early plant development) [139, 140] . Although the oxalate oxidase system is not fully characterized, especially with respect to the relative location of the protein and its substrate, several observations have been presented demonstrating probably the first example of the activation of a H # O # -generating enzyme in response to pathogenic infection. In barley plants, oxalate oxidase is expressed constitutively at low basal levels, but some expression is developmentally regulated. Its activity, however, greatly increases in response to inoculation with the pathogenic fungus Erysiphe graminis f.sp. hordei, but not in response to wounding, with a timing of a response paralleling that of chitinase [141] or even preceding accumulation of PR-1 protein [142] . Additionally, there are indications that this pathogen-response activity differs from that observed constitutively in barley roots [142] . In wheat plants both the level of germin mRNA and the oxalate oxidase activity were found to be induced by infection with Erysiphe graminis f.sp. tritici. Germin gene expression was observed in both resistant and susceptible wheat cultivars, and it has been suggested that oxalate oxidase activity is a marker of general defence response rather than cultivar resistance [143] .
CONCLUSIONS
The role of ROS not only as toxic by-products, but also as an important component of the plant defence response to pathogenic infection, is now well established. However, the particular mechanisms governing the observable output of this reaction, such as the nature of the elicitor and receptor molecules participating in the recognition events, the elements and the arrangement of the signalling pathway and the source of ROS in the oxidative burst, are only partially elucidated, and much more work is needed in order to present a more detailed picture of the oxidative burst and related events, especially hypersensitive cell death. Apart from classical biochemical, biophysical and molecular data, two recently developed approaches seem to be the most promising, namely studies of mutants compromised for the control of HR [102] [103] [104] [105] (reviewed in [9] ), and research on transgenic plants with a changed level of the generated ROS, e.g. by introduction of a gene encoding H # O # -generating glucose oxidase [144] , or transgenic plants showing symptoms of HR in the absence of a pathogen [132] .
